INTRODUCTION
At present, the existing guidelines for drinking water and acceptable daily intake values (ADI) for nitrate and nitrite are being discussed. Nitrate is widely distributed in the environment. The most important source of nitrate is agriculture because of the extensive use of fertilizers /l/. After ingestion, nitrate is partly converted to nitrite, which can oxidize hemoglobin to methemoglobin, a blood pigment that is unable to reversibly bind molecular oxygen. High nitrate/nitrite exposure may lead to methemoglobinemia, manifested as a bluish or purplish discoloration of the skin resulting from deficient oxygenation of the blood 12-51. The guidelines for nitrate and nitrite in drinking water are based on preventing the occurrence of methemoglobinemia, whereas ADI values are based on toxicity studies in rats. However, the endogenous formation of carcinogenic N-nitroso compounds (NOC, see Sec. 3.2), which occurs after the reaction of nitrite with amines or amides, was not taken into account in the assessment of the guidelines. This review focuses on the endogenous formation in humans of carcinogenic nitrosamines following exposure to nitrate. Moreover, certain other possible adverse health effects of nitrate exposure are also discussed. The main conclusion of the review is that the risk of endogenous formation of carcinogenic N-nitrosamines, as well as other adverse health effects of nitrate exposure, have to be taken more seriously into account when setting standards for nitrate.
NITRATE AND NITRITE EXPOSURE
Humans are exposed to nitrate via the ingestion of nitrate-containing food and drinking water. The nitrate content of public drinking water supplies is low; in most European countries the public drinking water supplies contain less than 45 mg nitrate per liter /l/. Nevertheless, nitrate levels, particularly in groundwater, have increased significantly during the last decades from intensive animal farming and the increased use of fertilizers /l/, which can lead to high nitrate levels in private groundwater wells, up to levels of 300 mg/L /6/. In general, people use public drinking water supplies, for example, containing levels up to 10 mg/L nitrate. The predominant sources of nitrate exposure, accounting for approximately 75% to 80% of the nitrate intake, are green leafy vegetables, such as lettuce, spinach, endive, beetroot, turnip, and celery, which contain relatively high nitrate levels (>1000 mg/kg,) /7, 8/. When drinking water with nitrate at a level of the current standard of 50 mg/L is consumed, however, the contribution of drinking water to the total nitrate intake can increase to 40% to 70% of the total nitrate intake. Nitrite content in vegetables is generally low, rarely exceeding 2 mg/kg /7, 8/. Nitrate and nitrite are also added to food components as preservatives to cure meat and meat products. Because of improved technology, the nitrate and nitrite content of cured meat has declined considerably between 1960 and 1980 /8/.
ADVERSE HEALTH EFFECTS OF EXPOSURE TO NITRATE AND NITRITE

Methemoglobinemia
The major human health risk associated with nitrate exposure is methemoglobinemia. The adverse health effects of nitrate are mainly due to the endogenous conversion of nitrate to nitrite. After gastrointestinal recirculation of nitrate, about 25% is secreted in the saliva, and 20% of the salivary nitrate is reduced to nitrite; thus 5% of dietary nitrate is endogenously converted to nitrite in the oral cavity 191. Nitrate per se is relatively non-toxic. Chronic studies with laboratory animals show that nitrate exposure does not increase tumor incidence, and the reported no observed adverse effect level (NOAEL) used to establish the ADI value for nitrate is 500 mg NaN0 3 /kg body weight/d (365 mg N0 3 ion/kg/ day). The NOAEL for nitrite used to establish the ADI value for nitrite originally was 20 mg NaN0 2 / kg body weight/d (13.3 mg N0 2 ion/kg/d). More recently however, a lower NOAEL value of 6 mg N0 2 ion/kg body weight/d was reported and used to calculate a new ADI value for nitrite /10/.
Although not carcinogenic in laboratory animals, nitrite is acutely toxic because it is a powerful oxidizing agent, capable of converting hemoglobin to methemoglobin. Methemoglobin is unable to transport oxygen to the peripheral tissues, resulting in cyanosis as the level of methemoglobin reaches 10% of the total hemoglobin, leading to death at levels of 60% /ll/. Young infants are more susceptible than older children and adults to methemoglobinemia (also called the 'blue baby syndrome') because infants lack the enzyme methemoglobin reductase, which is present after weaning age, and fetal hemoglobin is more sensitive than adult hemoglobin to oxidation /12/. The association between nitraterich water, which is used to prepare baby food, and methemoglobinemia was described in 1945 121. Recently, however, this straightforward conclusion has been criticized /12, 13/. Apparently nitrate-rich well water is frequently contaminated with bacteria, resulting in relatively high nitrite levels in the water. Furthermore, gastrointestinal infection and inflammation (and not high nitrate intake) are important causes of endogenous NO and nitrite production, resulting in methemoglobinemia /12-14/. 
STANDARDS FOR NITRATE AND NITRITE: DRINKING WATER GUIDELINES AND ADI VALUES
The World Health Organization (WHO) set guidelines to protect humans against the adverse effects of exposure to nitrate and nitrite. Concerning these guidelines, several points are of interest:
• The current drinking water guidelines are set to prevent the occurrence of methemoglobinemia, but the endogenous formation of carcinogenic NOC is not taken into account /21/. • The ADI is based on the NOAEL observed in rat studies, applying a safety factor of 100. Rats, however, do not actively secrete nitrate in the salivary glands, thus no ingested nitrate is converted to nitrite by bacterial activity in the oral cavity /8/; and the ADI value of nitrate is not based on the nitrate-nitrite conversion occurring in humans.
• 
NOC AND CARCINOGENICITY
N-nitroso compounds, a class of chemicals composed of nitrosamines and nitrosamides, are characterized by a nitroso group (-N=0) bound to a nitrogen atom. Figure 1 shows the general formulas and some examples. Most nitrosamines are volatile, and the nitrosamides are thermally unstable /15/.
The carcinogenicity of NOC has been studied extensively in laboratory animals. Eighty-five percent of the 209 tested nitrosamines and 92% of the tested nitrosamides were carcinogenic in 39 animal species, including species of fish, frogs, hamsters, mice, rats, and monkeys 1251. The carcinogenicity of the nitrosamines appears to be organ specific, and in rodents nitrosamines induce tumors in the liver, esophagus, nasal and oral mucosa, lung, urinary bladder, kidney, pancreas, and thyroid, independent of the route of administration /15, 26/. Nitrosamides cause tumors principally at the site of administration-for example, when nitrosamides are given orally, tumors are induced in the glandular stomach.
In humans, exposure to NOC is related to an increased risk of gastric, esophageal, nasopharyngeal, bladder, and colorectal cancer /15, 27, 28, 29/. The NPRO (N-nitrosoproline) test, used as an indicator of endogenous formation of NOC, revealed higher exposures to endogenously formed NOC in subjects at high risk for gastric, esophageal, oral cavity, and bladder cancer /30-34/.
Although results from epidemiological studies point to a role of NOC in the etiology of human cancer, causality has not been established. Because NOC are carcinogenic in 39 animal species, however, it is not likely that humans would be an exception. Furthermore, investigations of several cases of N-nitrosodimethylamine (NDMA) poisoning revealed that symptoms of acute toxicity in humans (predominantly liver damage) are comparable with those observed in experimental animals /35-37Λ
HUMAN EXPOSURE TO NOC
Humans are exposed to preformed NOC (exogenous exposure) and to NOC formed after the ingestion of nitrate and nitrite (endogenous exposure).
Exogenous Exposure to NOC
Several excellent reviews have been published about exogenous exposure to NOC /38-42/. The most relevant sources of exposure will be summarized here, considering three predominant sources of exposure to preformed NOC:
• Occupational exposure. Workers in the rubber, leather, and metal industries are exposed to high levels of nitrosamines, predominantly NDMA, N-nitrosodiethylamine (NDEA), and NMOR. Working in the rubber industry has been associated with bladder, gastric, and lung cancer and with leukemia /43/. Because of new regulations, the acceptable exposure levels in these industries have markedly decreased. For example, new regulations in Germany allow levels of <2.5 μg/m 3 (compared with levels of up to 380 μg/m 3 in earlier days).
• Tobacco. Human non-occupational exogenous exposure to NOC is most extensive in tobacco users. Tobacco contains relatively high levels of the tobacco-specific nitrosamines NNN (Nnitrosonornicotine) and NNK (4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone), which may contribute to the induction of lung, esophageal, pancreas, nasal, and oral mucosa cancer /15/. 
Endogenous Exposure to NOC
In humans, the acidic stomach is considered the major site of endogenous nitrosation. Under acidic conditions, nitrite will form nitrous acid (HN02). Two molecules of HNO2 are converted to water and dinitrogen trioxide (N203), which reacts with amines to form nitrosamines. HNO2 can also be protonated to H2N02 + , which reacts with amides to nitrosamides /15, 44/.
At neutral pH, bacteria can catalyze the nitrosation reaction. This reaction can take place in the achlorhydric stomach, when bacteria are able to colonize the stomach, and at other sites of the body such as the duodenum, intestine and colon. Microorganisms having the capacity to catalyze the nitrosation reaction are mainly bacteria with nitrate-reducing activity (denitrifying bacteria). Nitrite is reduced to NO by bacteria, and, subsequently, NO reacts with dissolved oxygen to form N203 and N204 (dinitrogen tetroxide), which can nitrosate amines /15, 38, 44/.
The last mechanism of endogenous nitrosation relates to inflammation. Activated macrophages and, to a lesser extent, polymorphonuclear neutrophils, produce NO in response to immune stimulation. L-arginine is converted to L-citrulline by inducible nitric oxide synthase (iNOS), thereby liberating NO /45/. Again, NO reacts with oxygen to N203 and N204, which are potent nitrosating agents.
Tricker /40/ roughly estimated that about 40-75% of the total human exposure to NOC resulted from endogenous formation.
INHIBITION OF ENDOGENOUS NOC FORMATION
In vitro, a variety of compounds has been shown to inhibit the nitrosation reaction. These include vitamins (ascorbic acid and alphatocopherol), phenolic compounds (for example, catechol, phenolic acids, hydroquinones), complex mixtures (such as alcoholic beverages, milk products, tea), sulphur compounds (for example, glutathione, methionine), and a group of miscellaneous compounds (urea, unsaturated fatty acids, caffeine, and others), reviewed by Bartsch et al. /46/. In general, these compounds inhibit nitrosation by reducing nitrite to NO, which is not directly a nitrosating agent. Only a few compounds reduce nitrous acid to N2 and N20, for example sulfamic acid, urea, and hydrazine /46/. Inhibition of endogenous nitrosation has also been studied in humans. In most studies, the NPRO test was used. In a typical experiment, 500 mg L-proline and 325 mg nitrate were ingested and the amount of NPRO in 24-h urine was measured. The difference between the amount of NPRO excreted in urine and the amount ingested via food is an indicator of endogenous formation of NPRO, which is a non-carcinogenic and non-metabolized N-nitroso compound /47/. Several compounds appeared to be very effective inhibitors of endogenous nitrosation: 1 g ascorbic acid and 3 to 5 g green tea completely inhibited the increase in urinary NPRO excretion /48, 49/. This inhibition, however, does not affect the 'basal' NPRO excretion (the excretion of NPRO without intake of nitrate and proline), suggesting that the formation of NPRO occurs at sites other than the stomach, which are not accessible to nitrosation inhibitors /50, 51/. Other compounds have been reported to inhibit nitrosation partially, for example alpha-tocopherol, polyphenols, garlic, caffeic acid, and betel-nut extracts, reviewed by De Kok and Van Maanen 1521. Furthermore, the use of mouth-wash solution with Chlorhexidine was shown to inhibit the formation of nitrosamines /53, 54/.
OUR STUDIES ON HEALTH EFFECTS IN HUMANS EXPOSED TO NITRATE IN DRINKING WATER
Formation of Nitrosamines
Genotoxic effects.
We performed several studies on adverse health effects of nitrate exposure in subjects using private water wells as source of drinking water in the Province of Limburg in The Netherlands. In view of the reported increase in gastric cancer risk due to the consumption of well water with high levels of nitrate, we thought it important to study the application of genetic biomarkers as early indicators of carcinogenic and mutagenic effects.
In a first study in subpopulations exposed to different nitrate concentrations in their drinking water, including a subpopulation using well water with nitrate concentrations in the range of 50 to 300 mg/L, no increase in the frequency of peripheral lymphocyte sister chromatid exchanges was observed /55/.
In a subsequent study, we investigated peripheral lymphocyte HPRT variant frequency and endogenous nitrosation in human populations exposed to various nitrate levels in their drinking water /56/. Low and medium tap water nitrate exposure groups (14 and 21 subjects) were using public water supplies with nitrate levels of 0.02 and 17.5 mg/L, respectively. Medium and high well water nitrate exposure groups (6 and 9 subjects) were using private water wells with mean nitrate levels of 25 mg/L (range 8-43 mg/L) and 135 mg/L (range 55-270 mg/L), respectively. The mean log HPRT variant frequency of peripheral lymphocytes was significantly higher in the medium well water exposure group than in the low and medium tap water exposure groups. An inverse correlation between peripheral lymphocyte labeling index and nitrate concentration in drinking water was observed. Analysis of volatile nitrosamines in the urine of 22 subjects by gas chromatography-mass spectrometry revealed the presence of N-nitrosopyrrolidine (NPYR) in 18 subjects; a correlation between 24 h urinary excretion of this liver carcinogen and 24 h urinary nitrate excretion was observed. The results of this study suggest that drinking water contamination by nitrate may imply a genetic risk. In a recent study performed by Patrick Levallois in collaboration with our laboratory, the urinary excretion of volatile nitrosamines in 59 non-smokers living in a rural county of Quebec, Canada, was investigated /57/. N-nitrosopiperidine (NPIP) was found in urine samples from 52 of 59 subjects. No relationship was found, however, between urinary NPIP excretion and either nitrate excretion, dietary, or water nitrate intakes. NPIP excretion was significantly correlated to coffee intake, and this relation was not modified by vitamin intake. In the study that we performed in the Netherlands, in only 6 of 22 subjects the presence of NPIP in urine was observed. The reason for this difference is not clear, but a likely explanation may be differences in dietary habits between the Dutch and the Quebec groups. In the study performed in Quebec, the nitrate concentrations in drinking water were lower than those in the Dutch study (maximum concentration 124 mg/L nitrate; geometric mean 9 mg/L nitrate). endogenous formation of carcinogenic nitrosamines in humans and the possible implications for the current standards of nitrate, we studied nitrosamine formation in healthy volunteers after a nitrate intake at the ADI level in combination with an amine-rich diet. We also investigated whether endogenous formation of carcinogenic nitrosamines in healthy volunteers can be inhibited by food constituents like ascorbic acid and green tea.
Subjects exposed to nitrate at the
In a study with 25 healthy female volunteers, mean age 23 years (range 18 to 46 years) and mean weight 60 kg (range 48 to 75 kg), we investigated the formation of volatile nitrosamines after intake of nitrate at the ADI level in combination with a fish meal rich in amines as nitrosatable precursors /58/. The volunteers consumed 170 mg of nitrate in water. Assuming a conservative nitrate intake of 50 mg/d, this intake resulted in a nitrate dose of 220 mg per day, which is the ADI level for a person of 60 kg. The nitrate dose in drinking water in combination with the fish meal was consumed during 7 consecutive days; a diet low in nitrate was consumed during 1 week before and 1 week after the test week. Urine samples were analyzed for volatile N-nitrosamines, and both NDMA and NPIP were detected in the samples. Mean urinary NDMA excretion significantly increased from 287 ng/24 hr in the first control week to 871 ng/24 hr (days 1-3) and 640 ng/24 hr (days 4-7) in the test week, followed by a decline to 383 ng/24 h in the second control week. Thus, nitrate intake at the level of the ADI in combination with fish consumption resulted in an increase in urinary NDMA excretion of about 200%. Excretion of NPIP was not directly related to the nitrate intake-as in the Canadian study-or to the composition of the diet.
Nitrate excretion and NDMA excretion, as well as salivary nitrate and nitrite concentration and NDMA excretion, were significantly correlated. The correlation between nitrate and NDMA excretion is shown in Fig. 2 . The absolute levels of volatile nitrosamines formed in the stomach are probably much higher than the amounts excreted in urine. Assuming that 0.5% of the NDMA is excreted in urine /59/, the volunteers in this study may have formed 174 μg of NDMA per day or 2.9 μg per kg body weight per day during days 1 to 3 of the test week. This exposure can be compared with the 10 μg NDMA per kg per day that is carcinogenic in rats. However, this extrapolation has to be interpreted with caution. In this study, the volunteers received a nitrate dose in drinking water instead of nitraterich vegetables.
Using the same protocol as that described above, we also studied the possible inhibition of the endogenous formation of N-nitrosamines by ascorbic acid supplementation and green tea consumption /60/. The effect of two different doses of ascorbic acid (250 mg and 1 g/d) and two different doses of green tea (2 g and 4 g/d) on NDMA formation was studied. An intake of 250 mg and 1 g of ascorbic acid and 2 g (4 cups) of green tea per day resulted in a significant decrease in urinary NDMA excretion during days 4 to 7, but not during days 1 to 3 of the test week. The consumption of 4 g (8 cups) of green tea surprisingly increased the urinary excretion of NDMA; this effect may be due to the formation of C-nitroso derivatives, which can catalyze nitrosation, by high amounts of phenolic compounds in tea /61/.
In a previous study in our laboratory, we also observed a significant increase of 140% in NDMA excretion in urine after the consumption of a diet containing nitrate-rich vegetables in combination with fish, with a mean nitrate intake of 273 mg in the meals /62/. This result demonstrates that the amount of inhibitors of nitrosation present in the diet is not sufficient to prevent endogenous formation of nitrosamines after nitrate intake at the level of the ADI.
Other Adverse Effects from Nitrate Exposure
Besides studying the formation of volatile carcinogenic nitrosamines from nitrate, we also performed studies on other possible adverse health effects of exposure to nitrate in drinking water. Laboratory animal studies suggested an effect of nitrate on the thyroid. When administered at high doses via drinking water, nitrate appeared (a) to inhibit competitively the uptake of iodine by rats and sheep; and (b) to induce hypertrophic changes in the thyroid /63/. In the same study population with various nitrate concentrations in drinking water, in whom we studied peripheral lymphocyte HPRT variant frequency and endogenous nitrosation /56/, we investigated a possible effect of nitrate exposure on the thyroid. A dose-dependent difference in the volume of the thyroid was observed between low and medium vs. high nitrate exposure groups, showing development of hypertrophy at nitrate levels exceeding 50 mg/L 164/. No iodine deficiency was observed in any of the nitrate exposure groups. Thus, a competitive interaction between nitrate and iodine might occur in the population exposed to high levels of nitrate in drinking water, resulting in a decrease of iodine uptake by the thyroid and consequently in hypertrophy of the thyroid.
In recent years, several studies have addressed yet another possible adverse health effect of nitrate exposure: the possible induction of childhood type 1 insulin-dependent diabetes mellitus. Again, the formation of N-nitroso compounds may be a causative factor in the etiology of this nitrateinduced type 1 diabetes. For example, in mice a nitrosamine-rich diet of smoked and cured meat induced damage to pancreatic beta-cells 1651. In a study performed in Yorkshire, England, Parslow et al. 166/ reported a positive association between nitrate levels in drinking water exceeding 14.85 mg/L and the incidence of type 1 diabetes. An ecologic analysis in the United States also suggested a positive association between low-level nitrate exposure through drinking water and type 1 diabetes at nitrate levels <10 mg/L 1611. We performed a study on the possible relation between nitrate in drinking water and childhood diabetes for the whole country of The Netherlands. The results of that study indicate that a threshold value above 25 mg/L nitrate in drinking water might be present for the occurrence of childhood type 1 diabetes /68Λ
CONCLUSION
Although recent studies have presented more information on the endogenous formation of carcinogenic N-nitrosamines during nitrate exposure, no final conclusion can be drawn regarding the relation between high nitrate exposure and a possible cancer risk for humans. The study that we performed with nitrate intake in volunteers at the ADI level did demonstrate that endogenous formation of N-nitroso compounds has to be taken into account in setting standards for nitrate and nitrite. New targets for nitrate exposure were recently defined, including the thyroid and the pancreas. The present WHO and EU standards of 50 mg/L nitrate in drinking water, as well as the ADI level, might not be adequate to prevent all risks of nitrate exposure, or be sufficiently protective against the combination of all possible adverse health effects of nitrate exposure.
